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Solution Structure of Sco1: A Thioredoxin-like
Protein Involved in Cytochrome c Oxidase Assembly
two heme groups (heme a and a3), and one magnesium
and one zinc ion in different subunits of the enzyme
(Harrenga and Michel, 1999; Soulimane et al., 2000;
Erica Balatri, Lucia Banci, Ivano Bertini,*
Francesca Cantini, and Simone Ciofi-Baffoni
Magnetic Resonance Center CERM and
Department of Chemistry Tsukihara et al., 1996; Poyton et al., 1995). In particular,
the copper ions are located in subunits COX I and COXUniversity of Florence
Via Luigi Sacconi 6 II, which contain the CuB and CuA centers, respectively.
The former is formed by one copper ion while the latter50019, Sesto Fiorentino, Florence
Italy is constituted by a dinuclear copper center, where, in
the oxidized state, the electron is totally delocalized
over the two copper ions (Kroneck et al., 1988). In eu-
karyotes, a large number of nuclear genes are requiredSummary
for the proper assembly and function of this enzyme
(Carr and Winge, 2003; Tzagoloff and Dieckmann, 1990).Sco1, a protein required for the proper assembly of
Among these, the Sco1 protein was suggested to becytochrome c oxidase, has a soluble domain anchored
involved in copper ion delivery to the COX complexto the cytoplasmic membrane through a single trans-
(Glerum et al., 1996; Krummeck and Rodel, 1990;membrane segment. The solution structure of the sol-
Schulze and Rodel, 1988). It has been also proposeduble part of apoSco1 from Bacillus subtilis has been
that Sco1 specifically delivers copper to the CuA site insolved by NMR and the internal mobility characterized.
the COX II subunit (Dickinson et al., 2000; Mattatall etIts fold places Sco1 in a distinct subgroup of the func-
al., 2000).tionally unrelated thioredoxin proteins. In vitro Sco1
Yeast Sco1 is a 30 kDa protein anchored by a singlebinds copper(I) through a CXXXCP motif and possibly
transmembrane segment of about 17 amino acids to theHis 135 and copper(II) in two different species, thus
inner mitochondrial membrane. A BLAST search of thesuggesting that copper(II) is adventitious more than
Bacillus subtilis genome identified a potential homologphysiological. The Sco1 structure represents the first
of the Sco1 protein from yeast, YpmQ gene (Mattatall etstructure of this class of proteins, present in a variety
al., 2000). The sequence alignment between the solubleof eukaryotic and bacterial organisms, and elucidates
domain of YpmQ (hereafter BsSco1) and yeast Sco1a link between copper trafficking proteins and thiore-
shows 23% identity, which increases to 47% when con-doxins. The availability of the structure has allowed
servative substitutions are considered. B. subtilis alsous to model the homologs Sco1 and Sco2 from S.
expresses a cytochrome c oxidase that, like the canoni-cerevisiae and to discuss the physiological role of the
cal mitochondrial enzyme, has both CuA and CuB cen-Sco family.
ters within the homologs of subunits COX II and COX
I, respectively (Saraste et al., 1991; Winstedt and Von
Introduction Wachenfeldt, 2000). Protein sequence analysis has
identified a potential metal binding region, CXXXCP, that
Copper is an essential trace element that plays a pivotal is conserved in all mitochondrial Sco proteins and their
role in cell physiology, as it constitutes the functional site bacterial homologs. Both cysteines in yeast and bacte-
of important cuproenzymes. The transport and cellular rial Sco1 are essential for the function (Mattatall et al.,
metabolism of copper depend on a series of membrane 2000; Rentzsch et al., 1999). X-ray absorption spectros-
proteins and smaller soluble proteins (copper chaper- copy, combined with functional studies on yeast Sco1,
ones) (Culotta et al., 1997; Rosenzweig and O’Halloran, suggested that the two cysteines present in the con-
2000; Solioz and Vulpe, 1996; Valentine and Gralla, served motif and a conserved histidine in the C-terminal
1997). Copper chaperones exchange copper with the end are involved in copper(I) binding (Nittis et al., 2001).
membrane-bound copper-transporting enzymes or in- In the eukaryotic genome there is also a highly homolo-
corporate the copper directly into copper-dependent gous protein, Sco2, which conserves the CXXXCP metal
enzymes. All of these proteins constitute a functionally binding motif and whose role remains unresolved (Carr
integrated system for controlling cellular copper homeo- and Winge, 2003; Winstedt and Von Wachenfeldt, 2000).
stasis and preventing the release of free copper ions No solution and/or X-ray structural data are yet available
that will cause damage to cellular components (Banci for this class of proteins.
and Rosato, 2003; Huffman and O’Halloran, 2001; Puig In the light of the similarities between B. subtilis and
and Thiele, 2002). eukaryotic Sco1 systems, we have expressed BsSco1
A relevant example of copper-dependent enzymes is and solved its 3D solution structure as it is purified, i.e.,
constituted by cytochrome c oxidase (COX), which is without metal ions, to further address the role of Sco1
the terminal enzyme of the respiratory chain, embedded in the assembly of CuA center in cytochrome c oxidase.
in the inner mitochondrial membrane of all eukaryotes The structure reported in this paper, which is the first
and in the plasma membrane of some prokaryotes. COX of this class of proteins, has a thioredoxin-like fold simi-
contains several cofactors, including two copper sites, lar to that of the functionally unrelated peroxiredoxin
proteins, but with some peculiar differences. Mobility
studies showed that the high disorder around the poten-*Correspondence: bertini@cerm.unifi.it
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tial metal binding region is determined by enhanced of the aromatic spin systems was performed with 2D
NOESY and TOCSY maps acquired in D2O solvent andbackbone flexibility. Structural models of Sco1 and Sco2
from S. cerevisiae were calculated and the potential a 3D 13C-NOESY-HSQC spectrum with the carrier cen-
tered in the aromatic region at 130 ppm. The ring NHsenergy surfaces have been analyzed. The interaction
of the BsSco1 with copper(I) and copper(II) are also of the His residues are not detected, possibly due to
their fast exchange with the solvent. The nonexchange-reported. From the solved structure and the comparison
with similar structures of unrelated proteins, an intrigu- able His ring protons were assigned through a 1H-15N
HSQC experiment tailored to the detection of 2J1H-15Ning picture on the involvement of Sco1 in the assembly
of COX comes out. couplings and from the analysis of the 2D NOESY maps.
For two histidines (His 55 and 135, the only other His
of the sequence being His 1), all the nonexchangeableResults
protons were assigned. From the pattern of 2J1H-15N
couplings the protonation state of the His ring nitrogensExpression, Purification, and Characterization
was also characterized (Pelton et al., 1993). His 55 hasof BsSco1
a positively charged imidazole ring, while His 135 existsThe YpmQ gene codes for a protein of 193 amino acids
predominantly in the N2-H state. In total, the resonanceswith a molecular weight of 21,646 Da. The sequence
of 95% of carbon atoms, 98% of nitrogen atoms, andhas a potential metal binding motif CXXXCP and a histi-
93% of protons were assigned, leaving only His 1 anddine at position 154, which are completely conserved
Lys 126 completely unassigned. The 1H, 13C, and 15Nin both prokaryotic and eukaryotic organisms. A hydrop-
resonance assignments of the BsSco1 are reported inathy analysis indicates that this protein contains a single
Supplemental Table S1 available in the Supplementalamino-terminal transmembrane-spanning helix, sug-
Data online at http://www.structure.org/cgi/content/full/gesting that it is a membrane-bound protein and that a
11/11/1431/DC1.water soluble form can be produced if the N-terminal
Chemical shift index analysis (Wishart and Sykes,transmembrane segment is taken out. Thus, the recom-
1994) on H, CO, C, and C resonances, 3JHNH couplingbinant protein BsSco1 lacking the first 23 residues was
constants, dN(i-1,i)/dN(i,i) ratios (Gagne et al., 1994),overexpressed in an E. coli host. The 15N and 13C/15N
and NOEs patterns indicated the presence of eight labeled and unlabeled protein was produced in a culture
strands, four  helices, and a 310 helix.medium not supplemented with CuSO4, thus obtaining
after the purification process a protein without bound
metal ions, as it was checked through atomic absorption Structure Calculation and Analysis
spectroscopy. This protein was then structurally charac- By analyzing 3D 15N-edited and 13C-edited NOESY spec-
terized (see below). In the expressed protein, four amino tra and 2D NOESY spectra, 5994 NOE crosspeaks were
acids (HMLE), corresponding to the restriction enzyme assigned and transformed into 4839 unique upper dis-
recognition site, are further present at the N terminus tance limits, of which 3492 were meaningful. The number
as a consequence of the cloning, thus producing a final of meaningful NOEs per residue is reported in Supple-
construct of 174 amino acids with a theoretical molecu- mental Figure S1A (Supplemental figures available on-
lar weight of 19,834 Da, as confirmed through ES-MS line at http://www.structure.org/cgi/content/full/11/11/
analysis. Analytical gel filtration analysis showed that 1431/DC1), being more than 20 in average. Two regions
BsSco1 eluted in fractions corresponding to a mono- (44–51 and 124–138) clearly experienced a very low
meric state for the protein. number of NOEs. A total of 88 proton pairs were stereo-
The far-UV circular dichroism (CD) spectrum of BsSco1 specifically assigned using the program GLOMSA (Gu¨n-
has features characteristic of a folded protein with a tert et al., 1991) and the HNHB experiment (Archer et
large content of  strands and -helical structures, the al., 1991). Ninety dihedral φ angle constraints were ob-
latter indicated by a negative band at 224 nm. Analysis tained from the analysis of the HNHA spectrum, and
of the CD spectrum indicated a 23% -helical content, ninety-one dihedral  angles were obtained from the
consistent with the solution structure, which has a 26% 15N-edited NOESY spectrum (see Experimental Proce-
-helix content (see below). dures). Distance constraints, stereospecific assign-
ments, and dihedral angles used in structure calcula-
tions are reported in Supplemental Tables S2–S5. AfterNMR Spectra and Resonance Assignment
The 15N and 13C HSQC spectra of BsSco1 show well- restrained energy minimization (REM) on each of the 30
conformers of the family, the RMSD to the mean struc-dispersed resonances indicative of an essentially folded
protein. The backbone resonance assignment was ob- ture (for residues 5–170) is 1.21  0.24 A˚ for the back-
bone and 1.74  0.21 A˚ for all heavy atoms. If the seg-tained from the analysis of CBCANH and CBCA(CO)NH
and of HNCO and HN(CA)CO spectra. One hundred and ments 45–49 and 124–138 are not included, the RMSD
values drop to 0.74  0.14 and 1.22  0.14 A˚ for thefifty-six out of the expected one hundred and sixty-three
15N backbone amide resonances were assigned. The backbone and heavy atoms, respectively. The final REM
family has a target function of 0.49  0.04 A˚2 and ofamide resonances are missing for residues Met 2, Lys
126, Glu 130, Val 133, His 135, Ser 137, and Ser 138. 0.23  0.05 rad2 for the NOEs and the dihedral angle
constraints, respectively. The results of the conforma-The assignment of the aliphatic side chain resonances
was performed through the analysis of 3D CC(CO)NH tional and energetic analysis of the REM family of
BsSco1 are reported in Table 1. The RMSD values perand (H)CCH-TOCSY spectra, together with 15N-NOESY-
HSQC and 13C-NOESY-HSQC spectra. The assignment residue to the mean structure of the final REM family
Solution Structure of Sco1 from B. subtilis
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Table 1. Statistical Analysis of the Energy-Minimized Family of Conformers and the Mean Structure of BsSco1
RMS Violations per Meaningful Distance Constraint (A˚)b REMa REMa
30 Structures Mean
Intraresidue (686) 0.0162  0.0010 0.0175
Sequential (926) 0.0084  0.0015 0.0080
Medium range (788)c 0.0086  0.0012 0.0071
Long range (1092) 0.0091  0.0009 0.0091
Total (3492) 0.0107  0.0005 0.0107
RMS Violations per Meaningful Dihedral Angle Constraints (Deg)b
Phi (90) 2.23  0.45 1.83
Psi (91) 1.57  0.35 1.41
Average number of constraints per residue 21
Average Number of Violations per Structure
Intraresidue 31.4  3.5 35
Sequential 13.0  3.0 13
Medium range 10.6  2.4 7
Long range 16.0  2.6 15
Total 71.1  6.9 70
Phi 8.4  1.6 6
Psi 3.4  1.2 5
Average number of NOE violations larger than 0.3 A˚ 0.0  0.0 0
Average number of NOE violations between 0.1 A˚ and 0.3 A˚ 7.5  2.0 7
Structural Analysisd
Percentage of residues in most favorable regions 67.8 (73.6) 65.8 (72.6)
Percentage of residues in allowed regions 24.8 (20.8) 26.5 (22.2)
Percentage of residues in generously allowed regions 5.7 (4.5) 7.1 (5.2)
Percentage of residues in disallowed regions 1.7 (1.1) 0.6 (0.0)
H bond energy (kJ mol1) 3.18  0.2 2.90
Overall G factor 0.42  0.03 0.46
Experimental Restraints Analysise
Percentage of completeness of experimentally observed 68% 61%
NOE up to 4 A˚ cut-off distance
Percentage of completeness of experimentally observed 50% 44%
NOE up to 5 A˚ cut-off distanc
a REM indicates the energy-minimized family of 30 structures; REM is the energy-minimized mean structure obtained from the coordinates
of the individual REM structures.
b The number of meaningful constraints for each class is reported in parenthesis.
c Medium range distance constraints are those between residues (i,i	2), (i,i	3), (i,i	4), and (i,i	5).
d As it results from the Ramachandran plot analysis; in parenthesis the results of analysis (excluding the following residues: 1–4, 45–49,
124–137) is also reported. For the PROCHECK statistics, an average hydrogen bond energy in the range of 2.5–4.0 kJ mol1 and an overall
G factor larger than 0.5 are expected for a good quality structure.
e As it results from the AQUA analysis.
are shown in Supplemental Figure S1B. The most disor- Mobility Studies on BsSco1
Reliable 15N R1, R2, and 1H-15N NOE values, which providedered regions are those involving residues 44–51 (lo-
cated in loop 3) and residues 124–138 (located in loop information on internal mobility, have been obtained for
141 of the 156 assigned backbone NH resonances. The8), as a consequence of the low number of NOEs and,
for the latter segment, also of the lack of backbone others are too weak or are too overlapped to be inte-
grated accurately. R1, R2, and 1H-15N NOE average valuesand/or side chain assignments. The solution structure
of BsSco1 is shown in Figure 1. of BsSco1 are 1.36 0.05 s1, 15.9 0.6 s1, and 0.78
0.02, respectively, at 700 MHz and 1.40  0.06 s1,The structure of BsSco1 is characterized by the fol-
lowing secondary structure elements: 1 (11–13), 2 13.8  0.6 s1, and 0.83  0.02, respectively, at 600
MHz. The experimental relaxation data are reported in(16–20), 3 (24–28), helix 310 (
1) (29–31), 4 (36–41), 1
(52–67), 5 (72–77), 2 (84–94), 6 (100–104), 3 (108– the Supplemental Data (Supplemental Figures S2A and
S2B. R1, R2, and 1H-15N NOE values were essentially119), 7 (139–143), 8 (146–152), and 4 (160–173). The
eight  strands are organized with parallel and antiparal- homogeneous along the entire polypeptide sequence,
with the exception of the 42–51 and 124–138 loopslel alignments and surrounded by four helices of various
lengths (Figure 2A). The potential copper ligands Cys where some residues show larger R2 values. Moreover,
the N terminus and the 125–134 segment show a signifi-45 and Cys 49 are located in loop 3, which is structurally
close to loop 8 containing the other potential copper cant decrease in 1H-15N NOE values.
The correlation time for molecule reorientation (m),ligand His 135.
Structure
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Figure 1. Solution Structure of BsSco1
The radius of the tube is proportional to the backbone RMSD of each residue. The secondary structure elements are shown:  strands in
cyan and helices in red. Inset (A) shows the backbone atoms in the vicinity of the potential metal binding region for the REM family of 30
structures. Cys 45, 49, and His 135 side chains are also depicted in blue. Inset (B) shows the backbone atoms in the vicinity of the potential
metal binding region for 30 members of the DYANA family obtained applying on the apo structure upper distance limits between a copper
ion and the sulfur of Cys 45, 49, and the N1 of His 135. Cys 45, 49, and His 135 side chains and copper ions are also depicted in blue and
in gold, respectively.
estimated from the R2/R1 ratio, is 9.3  0.9 ns, as ex- change processes occurring at rates faster than those
accessible with the present experimental conditionspected for a protein of this size in a monomeric state
(Einstein, 1956), consistent with gel filtration analysis. (see Experimental Procedures).
The occurrence at the same time of conformationalFrom the spectral density function analysis (Figure 3),
it appears that residues in the 125–134 region (loop 8) exchange processes and ns-ps motions for residues
belonging to loop 8 can explain both the disappearanceand at the N terminus have higher J(H) than average,
consistent with lower heteronuclear NOE values. This of amide resonances for some residues and the paucity
of NOEs for others, so determining their higher RMSDbehavior indicates the presence of local motions in ns-ps
timescale, i.e., faster than the overall protein tumbling values.
Backbone NH protons whose signals are still observ-rate. In addition to these fast internal motions, slow
conformational exchange processes on the ms-s able, with full or partial intensity, days after the protein
was dissolved in D2O, are not accessible to the solvent.timescale affect part of loop 8, as Jeff(0) and R2 values
higher than the average are observed for residues Gly Fifty-one residues are still observable after 3 days and
are all located in  strands and  helices (Supplemental129, Asp 131, and Ile 134 (Figure 3). Exchange contribu-
tions to relaxation have also been observed for the re- Figure S3) consistent with the presence of a core-
stranded  sheet with flanking helices. On the contrary,gion 40–49 and Asp 78.
The presence of exchange contributions to transverse in the regions 160–173 (helix 4) and 11–13 (strand 1),
the amide protons of almost all residues are completelyrelaxation rates was independently evaluated through
R2 measurements as a function of the CPMG length. The exchanged. This suggests that the latter two secondary
structure elements are more solvent accessible than theresidues experiencing exchange contribution to R2 rates
are mostly located around the potential metal binding others. Residues displaying fast amide proton ex-
change, as detected in a 15N-(CLEANEX-PM)-FHSQCregion: Ala 38, Asp 39, Phe 40 (strand 4), Thr 43, Cys
45, Glu 46, Ile 48, Cys 49 (loop 3), Met 52 and Ala 54 experiment, are located in loop regions and in the sol-
vent-exposed side of strand 2 and 3 (Supplemental(helix 1), Ser 76, Val 77, Asp 78 (strand 5) and Gly
129, and Asp 131 (loop 8). Residues experiencing con- Figure S3).
formational exchange processes in BsSco1 as a func-
tion of residue number are shown in Supplemental Fig- Modeling of Yeast Sco1 and Sco2
The soluble domains of Sco1 and Sco2 from S. cerevis-ure S3. The NH of Ile 134 has a R2 value higher than
average but does not experience a dependence of R2 iae show a sequence similarity of 47% and 42% with
BsSco1, respectively. Structural models for the se-with the CPMG length, suggesting the presence of ex-
Solution Structure of Sco1 from B. subtilis
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Figure 2. Comparison between the Structures of BsSco1, TlpA, and HBP23
BsSco1 (A), TlpA (B), and HBP23 (C). The side chains of the potential copper ligands Cys 45, Cys 49, and His 135 in BsSco1; of Cys 72 and
Cys 75 in TlpA; and of Cys 52 and Cys 173 in HBP23 are shown. The topology of each protein is shown in the right panels. The dashed lines
indicate the formation of a sheet between two  strands.
quence of yeast Sco1 and Sco2 were calculated with Sco1 and Sco2 produce positive electrostatic potential
in the regions that comprise helix 3 and 4 (Figurethe program MODELLER version 4.0 (Sali and Blundell,
1993), using the solution structure of BsSco1 as a tem- 4A). The opposite side of the protein shows scattered
negative and positive charges.plate. Overall backbone RMSD values of 0.49 A˚ and
0.60 A˚ were found between yeast Sco1/Sco2 and
BsSco1, respectively. The electrostatic potential sur- Interaction with Copper
BsSco1 is able to bind copper(I). Atomic absorptionface of yeast Sco1 and Sco2 are strongly similar, in
accordance with the high sequence similarity (85%). spectroscopy showed that purified unlabeled cleaved
His tag BsSco1, from cells grown in rich medium withBoth yeast Sco1 and Sco2 show an extended negatively
charged patch around the potential copper binding li- the presence of copper, binds 0.7 copper(I) atom per
monomer. EXAFS data on yeast Cu(I)-Sco1 indicatesgands, generated by conserved Asp and Glu residues
(Figure 4A). In addition, Lys and Arg residues in yeast that the conserved two cysteines and one histidine are
Structure
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Figure 3. Spectral density functions J(H),
J(N), J(0) versus the residue number as ob-
tained from the 15N relaxation data measured
at 600 MHz
the ligands (Nittis et al., 2001). Therefore, BsSco1 struc- equivalent of copper(II) resulted in the disappearance of
the 1H-15N crosspeaks of the amide protons of residuesture indicates that Cys 45, Cys 49, and His 135 might
be the possible ligands. 38–40, 42–46, 48, 49, 53–56, 76–78, 81, 82, 134, 139,
and 153. For residues 57, 83, 86, 87, 91, 105, 109, 128,BsSco1 is also able to bind copper(II). The optical
spectra show an absorption band at max  349 nm 140, and 152 a second crosspeak is observed during
the titration whose intensity increases as the intensity(  1813 M1 cm1), characteristic of a type 2 copper
cysteinate coordination (Andrew et al., 1994; Canters of the original peak decreases. Further additions of cop-
per do not produce other relevant spectral variationsand Gilardi, 1993; Lu et al., 1996), and two weaker ab-
sorption bands at 460 and 547 nm, which are responsible (i.e., line broadening and/or signal disappearance). The
residues which disappear include the potential CXXXCPfor the red color of the protein solution.
The EPR spectra of Cu(II)-BsSco1 at 298 K and 120 K copper binding region, His 135 and His 55, thus indicat-
ing that these residues might be involved in the interac-show the presence of two species with similar intensity,
both with type 2 copper site parameters (g||  2.15, A||  tion with copper(II) or are located close to it.
178  104 cm1, and g||  2.24, A||  196  104 cm1,
respectively). Discussion
Binding of copper(II) to BsSco1 has sizable effects on
nuclear relaxation and consequently on the NMR signal Description of the Structure
The overall structure of BsSco1 comprises a typical thio-linewidths (Banci et al., 1991; Bertini et al., 2001).
Through 1H-15N HSQC spectra, the effect of copper bind- redoxin fold (Martin, 1995), which is formed by a central
four-stranded  sheet (4, 5, 7, 8) and three flankinging on each residue of the protein can be selectively
followed during a titration, unless the overlap of the  helices (1, 3, 4) (Figure 2A). In addition to the
thioredoxin fold, a two-stranded  sheet (2 and 3),peaks prevents this analysis. Addition of up to one
Solution Structure of Sco1 from B. subtilis
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Figure 4. Rotated Views of the Electrostatic Surfaces of the Modeled Sco2 from S. cerevisiae, BsSco1, and the Modeled COX II from B.
subtilis
The modeled structure of Sco2 from S. cerevisiae (A), the solution structure apoSco1 from B. subtilis (B), and the modeled structure of COX
II from B. subtilis (C). The positively charged, negatively charged, and neutral amino acids are represented in blue, red, and white, respectively.
The position of Cys 41, Cys 45, and His 132 of yeast Sco2, Cys 45, Cys 49, and His 135 of BsSco1, and of Cys 213 and Cys 217 of COX II
are also indicated. Structural models for the sequences of yeast Sco2 and COX II from B. subtilis were calculated using the solution structure
of BsSco1 and the X-ray structure of COX from P. denitrificans (Harrenga and Michel, 1999) as templates, respectively.
forming a -hairpin structure and a short 310-helix (
1), the presence, at its N-terminal region, of a short strand
1, which forms an antiparallel  sheet with strand 8are present at the N terminus (Figure 2A). Another helix
(2) and a strand (6), the latter forming a parallel  (Figure 2A).
The core of the protein is characterized by severalsheet with strand 5, are inserted between strand 5
and helix 3 (Figure 2A). Considering the above, it fol- hydrophobic interactions which involve aromatic and
aliphatic residues: stacking contacts are present amonglows that this fold belongs to a subset of the thioredoxin
superfamily, present in peroxiredoxin proteins (Choi et aromatic residues (Phe 40 [4], Phe 75 [5], Phe 120
[loop 8], Phe 115 [3], and Tyr 140 [7]), which are allal., 1998). An additional property of the BsSco1 fold is
Structure
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Figure 5. Mapping of Conserved Residues in the Sco1 Family
Identical and similar residues in 90% or more aligned sequences of bacterial and eukaryotic organisms are shown on BsSco1 structure in
dark gray and gray, respectively. The conserved residues are also indicated. The secondary structure elements are shown:  strands in black
and helices in light gray.
clustered on one side of the central  sheet and which His 135, and loop 10, all structurally close, have the
highest RMSD values in the protein. In particular, loopdetermine the spatial vicinity of helix 3 to this region,
particularly as a consequence of contacts between Phe 8 spans a large number of different conformations (inset
A of Figure 1) and the few backbone NHs detected in120 (loop 8) and Phe 115 (3). Aliphatic side chains of
residues Val 70 (5), Leu 63 (1), Ile 72 (5), Leu 37 (4), this region are characterized by both conformational
exchange processes and fast internal motions. It ap-and Leu 141 (7) form, on the other side of the central
 sheet, several hydrophobic interactions. All the above- pears, therefore, that the three conserved residues,
which were shown to be essential for the function inmentioned residues, with the exception of Phe 115, are
completely conserved in Sco1 homologous proteins eukaryotic and bacterial organisms (Mattatall et al.,
2000; Rentzsch et al., 1999), are located in structurally(Figure 5). Helix 4 is spatially distant from the central
 sheet and does not have conserved hydrophobic resi- close regions, which are peculiarly characterized by en-
hanced backbone flexibility. Calculations of solvent ac-dues (Figure 5).
A strong hydrogen bond network links all the second- cessibility show that the sulfur atoms of Cys 45 and Cys
49 are remarkably highly solvent exposed (51% and 88%ary structure elements present in BsSco1, while other
relevant hydrogen bonds stabilize some external loops of their surface, respectively).
Using EXAFS data (Nittis et al., 2001), we performedand/or well-structured regions of the protein. In particu-
lar, the hydrogen bonds between NH of Asp 22 (loop 1) structure calculations introducing a copper(I) atom
linked to the sulfur atoms of Cys 45 and 49, with upperand the CO of the conserved (Figure 5) Asn 20 (2) and
between the NH of Lys 24 (3) and the OD1 of Asn distance limits of 2.5 A˚, and to the N1 of His 135, with
an upper distance limit of 2.3 A˚. No structural violations20 (2) are crucial for capping the -hairpin turn. The
peculiar, short strand 1, antiparallel to strand 8, is of the experimental constraints of the apo form are ob-
served, indicating that the loop 8 containing His 135 canstabilized by the presence of two H bonds, between NH
of Val 13 and CO of Asp 146 and between NH of Val move toward copper, where a well-ordered His 135 is
coordinated to the copper ion. This is shown in insets148 and CO of Tyr 11. Finally, helix 
1 is stabilized by
two H bonds between NH of Ser 30 (
1) and CO of Ser A and B of Figure 1. Moreover, the RMDS values of loop
8 (residues 126–139) decrease from 2.82 A˚ to 1.72 A˚27 (3) and between NH of Lys 32 (
1) and CO of Leu
28 (3). when passing from the apo structure to the Cu(I) model.
Similarly, it has been recently suggested (Cavet et al.,Loop 3, containing the potential metal binding ligands
Cys 45 and Cys 49, loop 8, containing the conserved 2003) for the copper-metallochaperone Atx1 from Syn-
Solution Structure of Sco1 from B. subtilis
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echocystis PCC 6803 that His 61 moves from a remote long to a family of antioxidant enzymes known as perox-
iredoxins, which show peroxidase activity (Ellis andmobile loop for the apo form into the coordination
sphere of copper and in so doing influences loading Poole, 1997) using the redox properties of a single or a
pair of highly conserved cysteine residues (Choi et al.,and unloading of the protein. This interaction is also
proposed to regulate the interaction with the two cop- 1998; Wood et al., 2002).
The protein core constituted by the central  sheetper(I) ATPase protein partners CtaA and PacS.
The electrostatic potential surface of BsSco1 is shown (4–8) and the flanking  helices (1–4) is conserved
among all the three structures (Figure 2), even if HBP23in Figure 4B. The side of the protein containing the puta-
tive copper binding ligands has several negatively structure has an additional helix 310 after helix 2. The
topology differences observed between the three struc-charged residues, including the conserved Asp 78 and
Asp 82 (Figure 5), thus producing a negative region simi- tures are located around the N-terminal region. Indeed,
the HBP23 structure lacks strand 1. On the contrary,lar to what it was observed for the yeast homolog sur-
faces. The other side of the protein shows predominantly TlpA conserves strand 1 but it has a longer N-terminal
region encompassing a further helix (0), which is absenta negative patch with some scattered positive charges
(Figure 4B). The exclusively negative electrostatic po- in BsSco1 and HBP23 (Figure 2).
Both cysteines of the CXXC motif of TlpA and thetential surface is consistent with the total protein charge
of 10 and with its estimated pI of 4.75. It is interesting N-terminal cysteine of HBP23 are aligned with Cys 45
and Cys 49 of BsSco1, respectively (Figure 6). However,to note that the extended positive region comprising
helix 3 and helix 4 in yeast Sco2 is replaced by nega- while Cys 45 and Cys 49 are located in a loop of BsSco1,
the CXXC active site of TlpA is shared by helix 1 andtive residues in the BsSco1 electrostatic surface (Fig-
ures 4A and 4B). by its preceding short loop (Figures 2 and 6). In the
BsSco1 structure, helix1 is interrupted by the presenceSubunit II of B. subtilis COX has been modeled with
the program MODELLER version 4.0 (Sali and Blundell, of two sequential conserved proline residues, one of
which is conserved (Figures 5 and 6). In HBP23, the1993), using the X-ray structure of COX from Paraccoc-
cus denitrificans bacterium in its completely oxidized conserved Cys residue is located in a loop region and
is preceded by a proline, as in BsSco1 (Figures 2 and 6).state (Harrenga and Michel, 1999). The sequence iden-
tity and similarity are 27% and 52%, respectively. The The secondary structure elements among the three
structures are quite well aligned, even if, in some cases,modeled subunit II, shown in Figure 4C, has a positively
charged patch quite close to the metal binding site, thus they have different lengths (Figure 6). A relevant differ-
ence between BsSco1 and the two structurally relatedsuggesting a possible electrostatic interaction between
BsSco1 and COX II. This is consistent with the comple- proteins involves loop 8 located after helix 3, which is
much longer in BsSco1 (Figure 6). Interestingly, this loopmentary high pI value of the soluble region of COX II,
which is estimated to be 8.2. contains the His residue, which is conserved in Sco1
proteins and which is critical for the function of BsSco1
(Mattatall et al., 2000).
Comparison between the Structures of BsSco1
and Thioredoxin-like Proteins
A search for structurally related proteins in Protein Data Biological Implications
Cytochrome c oxidase is the terminal copper-depen-Bank (PDB) (Berman et al., 2000) identified hORF6 (PDB
ID 1PRX) and HBP23 (PDB ID 1QQ2), both members of dent enzyme of the respiratory chain, constituted of 2–4
subunits in bacteria, 12 in yeast, and 13 in mammalsthe peroxiredoxin family of peroxidases, and the thiore-
doxin protein TlpA (PDB ID 1JFU) as the closest structur- (Harrenga and Michel, 1999; Poyton et al., 1995; Souli-
mane et al., 2000; Tsukihara et al., 1996). A series ofally homologs to BsSco1. BsSco1 shares with HBP23
and TlpA proteins 19% and 24% identity, respectively. accessory proteins are critical for the correct assembly
and function of COX (Carr and Winge, 2003). AmongIn Figure 2, the X-ray structures of TlpA (B) (Capitani
et al., 2001) and HBP23 (C) (Hirotsu et al., 1999) are them, the ubiquitous protein Sco1 has been implicated
in the copper ion loading of COX (Glerum et al., 1996).compared to the solution structure of BsSco1 (A). The
RMSD values to BsSco1 mean structure, calculated on Interestingly, pathogenic mutations in Sco1 and Sco2
genes were recently described in several cases of fatalthe C atoms of aligned residues excluding gaps, are
2.9 and 3.1 A˚ for TlpA and HBP23, respectively. infantile encephalopathy, which determine partial or in-
correct assembly of COX (Papadopoulou et al., 1999;TlpA is a protein present in the nitrogen-fixing soil
bacterium Bradyrhizobium japonicum and is required Valnot et al., 2000). The present solution structure of
Sco1 from B. subtilis is the first of this class of proteinsfor the assembly and stability of COX (Loferer et al.,
1993; Loferer and Hennecke, 1994). This protein is an- and serves as a model for eukaryotic and bacterial ho-
mologs, given the high residue similarity within this classchored to the cytoplasmatic membrane through a hy-
drophobic N-terminal transmembrane domain, with the of proteins. The structure shows that a thioredoxin-like
fold, generally devoted to a thiol:disulphide oxidoreduc-hydrophilic thioredoxin-like domain oriented to the peri-
plasm (Loferer et al., 1993). TlpA has a CXXC motif as tase activity or a peroxidase activity, is able to host a
potential copper binding site. Our data as well as EXAFSredox active site, as found for all the periplasmic and
cytoplasmic members of the thioredoxin superfamily, on yeast Sco1 (Beers et al., 2002; Nittis et al., 2001) have
indeed shown that Sco1 protein is able to bind copper(I)and can be functionally described as thiol:disulphide
oxidoreductase (Capitani et al., 2001). and possibly copper(II) through the sulfur atoms of the
CXXXCP motif. In particular, the copper binding motifHBP23 and its bacterial and eukaryotic homologs be-
Structure
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Figure 6. Sequence Alignment of BsSco1, TlpA, and HBP23
The transmembrane segments present in the TlpA and BsSco1 proteins were removed in the sequence alignment. Amino acid numbering is
reported at the top, according to the sequence of BsSco1. Secondary structure elements are indicated for all three proteins. Identical or
highly conserved residues are indicated by the symbols “*” and “•”, respectively, below the sequences. The conserved Cys and His residues
are gray shaded.
medium for unlabeled protein preparation at 37C in the presenceis similar to that of the CuA center of COX, which receives
of the ampicilline and chloroamphenicol antibiotics. To prepare un-copper ions through the Sco1 pathway. This motif is not
labeled Cu(I)-BsSco1, the culture medium was supplemented withpresent in any thioredoxin-like proteins characterized so
1.4 mM of CuSO4. For labeled protein, the culture media containedfar. Notably, the above mentioned pathogenic mutations 13C glucose and/or (15NH4)2SO4 as only sources of carbon and nitro-
occur within the CXXXCP motif and near the conserved gen and were not supplemented with CuSO4. After the isopropyl-
-D-thiogalactopyranoside induction time, the cells were harvested,histidine (Papadopoulou et al., 1999).
resuspended, and then lysed by repeated sonication. The proteinThese data suggest that Sco1 can be directly impli-
was purified through affinity chromatography. The poly-His tag wascated into the copper transfer to CuA site of COX II or
cleaved with Factor Xa protease (Roche) and another affinity chro-can be involved in the COX II maturation, carrying out
matography was then performed. Protein expression and purifica-
a function of thiol:disulphide oxidoreductase. In conclu- tion was monitored by sodium dodecyl phosphate-polyacrylamide
sion, the structure of BsSco1 will help to direct future gel electrophoresis in 17% polyacrylamide gels stained with Coomas-
sie brilliant blue R-250 against Perfect Protein marker (Novagen).biological studies for the understanding of the COX
complex assembly process.
Protein Analysis
To prevent disulfide formation, which might occur because of theExperimental Procedures
presence of two cysteines in the CXXXC motif, the protein samples
were kept in anaerobic conditions and reduced by the addition ofSequence Analysis
2 mM dithiothreitol (DTT). Protein concentrations were determinedSequence alignments were done with CLUSTALW (Thompson et
by using the experimentally determined extinction coefficient ofal., 1994). HMMTOP and TMpred programs were used to obtain a
15815 M1 cm1 at 280 nm. ES-MS spectra of BsSco1 were takenprediction of the transmembrane helices and membrane topology
with an Applied Biosystems ESI-TOF Mariner mass spectrometer.of BsSco1 (Hofmann and Stoffel, 1993; Tusnady and Simon, 1998).
CD spectra were collected on a JASCO J-500C spectropolarimeter
with a fused quartz cuvettes with 0.1 cm path length (Merck). TheBsSco1 Cloning and Purification
CD spectrum of BsSco1 was analyzed, without applying any dataThe YpmQ gene, lacking the first 69 base pairs (bp), was amplified
smoothing routine, with the DICROPROT V2.5 application packageby polymerase chain reaction (PCR) from B. subtilis genomic DNA
(Deleage and Geourjon, 1993) to estimate secondary structure com-template (extracted by phenol-chlorophorm method; Sambrook et
position. NMR samples were prepared in 100 mM potassium phos-al., 1989) using the following primers: forward, 5-CCGCTCGAGat
phate buffer (pH 7) containing 10% D2O, with a protein concentrationtaaagatccgctcaattacg-3; reverse, 5-CAATACGCGGATCCttacttga
of 1–2 mM in the presence of 2 mM DTT. The metal content wasgtgtactggctgac-3. The 536 bp PCR product was cloned into the
measured using a Perkin Elmer 2380 atomic absorption spectropho-His-tag fusion expression vector pET16b (Novagen), creating pETB-
tometer.sSCO1. The plasmid was sequenced with a ABI PRISM 310 Genetic
Analyzer (Applied Biosystem). B. subtilis cells (strain 168 obtained
from Coleccio´n Espan˜ola de Cultivos Tipo [CECT]) were grown in NMR Measurements and Structure Calculations
The NMR spectra were acquired on Avance 800, 700, 600, and 500Luria-Bertani medium containing 2% glucose at 37C.
The sequenced plasmid was used to transform E. coli [DH5 Bruker spectrometers operating at proton nominal frequencies of
800.13 MHz, 700.13 MHz, 600.13 MHz, and 500.13 MHz, respec-for plasmid propagation and BL21(DE3) Gold pLysS (Novagen) for
protein expression]. Escherichia coli cells were grown in 2 YT tively. All the triple resonance (TXI 5-mm) probes used were
Solution Structure of Sco1 from B. subtilis
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Table 2. Acquisition Parameters for NMR Experiments Performed on BsSco1
Dimension of acquired data (Nucleus) Spectral width (ppm)
Experiments t1 t2 t3 F1 F2 F3 na Reference
[1H-1H]-NOESYb 1024(1H) 2048(1H) 15 15 64 Wider et al., 1984
[1H-1H]-TOCSYb 1024(1H) 2048(1H) 15 15 64 Bax and Davis, 1985
1H-15N-HSQCc 512(15N) 1024(1H) 40 7 16 Bodenhausen and Ruben, 1980
1H-13C-HSQCc 256(13C) 2048(1H) 70 14 16 Bodenhausen and Ruben, 1980
CBCA(CO)NHd 136(13C) 56(15N) 2048(1H) 88 40 12 16 Kay et al., 1990
CBCANHd 136(13C) 56(15N) 2048(1H) 88 40 12 16 Kay et al., 1990
HNCOd 80(13C) 40(15N) 1024(1H) 16 40 12 8 Kay et al., 1990
HN(CA)COd 80(13C) 40(15N) 1024(1H) 16 40 12 16 Kay et al., 1990
13C (H)CCH-TOCSYd 272(13C) 96(13C) 1024(1H) 88 88 12 4 Kay et al., 1993
CC(CO)NH-TOCSYd 128(15C) 48(15N) 1024(1H) 88 40 12 16 Gardner et al., 1996
15N-edited [1H-1H]-NOESYc 368(1H) 64(15N) 1024(1H) 15 40 15 16 Wider et al., 1989
13C-edited [1H-1H]-NOESYc 320(1H) 80(13C) 1024(1H) 15 80 15 8 Wider et al., 1989
HNHAb 256(1H) 40(15N) 1024(1H) 15 40 15 16 Vuister and Bax, 1993
HNHBb 128(1H) 32(15N) 1024(1H) 15 40 15 32 Archer et al., 1991
a Number of acquired scans.
b Data acquired on 800 or 600 MHz spectrometers. Two-dimensional NOESY and TOCSY experiments were also recorded on a sample
exchanged in D2O.
c Data acquired on a 700 MHz spectrometer. A 13C-edited NOESY was also recorded with a spectral width of 15 ppm  25 ppm  15 ppm,
centered at 130 ppm to assign the aromatic proton and carbon resonances.
d Data acquired on a 500 MHz spectrometer.
equipped with pulsed field gradients along the z axis. The 500 MHz times (CPMG) ranging from 450 to 1150 s with the Carr-Purcell-
Meiboom-Gill (CPMG) sequence (Mulder et al., 1999; Peng andmachine was equipped with a triple resonance cryoprobe.
Wagner, 1994). In all experiments, the water signal was suppressedThe NMR experiments recorded on 13C/15N and 15N enriched and
with “water flipback” scheme (Grzesiek and Bax, 1993).unlabeled BsSco1 samples are summarized in Table 2. All 3D and
A 1H-15N HSQC experiment was collected 3 days after BsSco12D spectra were collected at 298 K, processed using the standard
had been dissolved in D2O to characterize NH exchangeability withBruker software (XWINNMR), and analyzed through the XEASY pro-
water. Fast amide proton exchange were monitored using agram (Eccles et al., 1991).
15N-(CLEANEX-PM)-FHSQC experiment (Hwang et al., 1998) with aThe backbone assignment was initially performed using the auto-
mixing time of 100 ms.matic assignment program GARANT (Bartels et al., 1997) on the 3D
The experimental relaxation rates were used to map the spectralspectra CBCANH, CBCA(CO)NH, HNCO, and HN(CA)CO without an
density function values J(H), J(N), and J(0) following a procedureinput structure. The program assigned 60% of the backbone reso-
available in literature (Peng and Wagner, 1992). The R2 dependencenances; the assignment was then manually completed. Distance
on the CPMG length was analyzed as previously described (Mulderconstraints for structure determination were obtained from
et al., 1999). The overall rotational correlation time m value and the15N-edited and 13C-edited 3D NOESY-HSQC experiments and from
rotational diffusion tensor were estimated from the R2/R1 ratio with2D NOESY (see Table 2). Stereospecific assignments of diastereo-
the program quadric_diffusion (Bru¨schweiler et al., 1995; Lee et al.,topic protons were obtained from the analysis of the HNHB experi-
1997), using the 3D structure of BsSco1.ment and with the program GLOMSA (Archer et al., 1991; Gu¨ntert et
al., 1991). 3JHNH coupling constants, determined through the HNHA
Titration of CuSO4experiment, were transformed into backbone dihedral φ angles
A Varian Cary 50 spectrophotometer and an Avance 600 Brukerthrough the Karplus equation (Vuister and Bax, 1993). Backbone
Spectrometer were used to follow the binding of copper(II) todihedral  angles for residue (i-1) were determined from the ratio
BsSco1 through NMR and electronic spectroscopy, respectively.of the intensities of the dN(i-1,i) and dN(i,i) NOEs obtained from the To a 1 mM 15N BsSco1 sample up to 1 equivalent of copper(II) as15N-edited NOESY-HSQC spectrum (Gagne et al., 1994).
CuSO4 was added stepwise and UV-visible and 2D 1H-15N HSQCThe elements of secondary structure were determined on the
spectra were acquired.
basis of the chemical shift index (Wishart and Sykes, 1994) of the
X-band EPR spectra were acquired at 120K and 298K on a3JHNH coupling constants and of the backbone NOEs. BRUKER 200D SRC EPR spectrometer.
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